The in vitm effect of nitric oxide (NO) and nitrite on blastoconidia and hyphae of Candida albicans was studied. Sodium nitroprusside (SNP) and S-nitroso-Nacetylpenicillamine (SNAP) were used as NO donors. Both minimal and complex media at two pH values, 7-0 and 45, were used for the assays.
INTRODUCTION
Phagocytosis is probably the most important mechanism in protecting the non-compromised host against invasive candidiasis (Domer & Carrow, 1989) . Polymorphonuclear leukocytes and macrophages, the main phagocytic cells involved in the clearance of fungal pathogens (Levitz, 1992) , have different candidacidal mechanisms and different abilities to kill Candida albicans.
Nitric oxide (NO) is generated by the NO synthase of activated macrophages, but its real contribution to the candidacidal activity of murine macrophages is not clear, although it is certainly involved (Blasi et aE., 1995 ; Cenci et al., 1993; Rementeria et d., 1995; VazquezTorres et al., 1994) . Thus some authors have correlated candidacidal activity of murine macrophages with peroxynitrite resulting from the interaction between NO and the superoxide anion (Vazquez-Torres et al., 1996) . Others argue that the two compounds do not occur simultaneously in murine macrophages ( Assreuy et al., 1994) . In fact, there are few data about the susceptibility of C. albicans to nitric oxide in vitro in the absence of macrophages (Fierro et al., 1996) .
Abbreviations: SNAP, S-nitroso-N-acetylpenicillarnine; SNP, sodium nitroprusside.
C. albicans is a dimorphic fungus which can cause severe infections in immunocornpromised patients. The ability of the fungus to modify its morphology from blastoconidia to hyphae is considered a virulence factor. Blastoconidia and hyphae show different susceptibility to phagocytic cells (Baccarini et al., 1985; Blasi et al., 1995; Cutler & Poor, 1981) , so they are probably diversely affected by macrophage products.
Our purpose was to study the in vitro susceptibility of blastoconidia and hyphae of C. albicans to NO in nutrient and pH conditions similar to those found in the phagolysosome or outside the macrophage, and the effect of this compound on the germination process of the fungus.
METHODS
Assay media. Two different assay media were used: (1) a minimal medium (MM) 20 g agar IF1) by weekly transfer. Blastoconidia were obtained from 24 h cultures on GYE agar, washed with saline and adjusted to the desired concentration by direct counting under the microscope. Hyphae were obtained from CA-6 blastoconidia (4 x lo5 cells ml-l) germinated in 96-well microassay plates in DMEB pH 7.0 (100 pl per well) at 37 "C for 3 h.
Anti-C, albicans blastoconidia (anti-Y) assay. C. albicans CA-2 (5 x lo5 blastoconidia ml-') were incubated in the assay media at 37 OC for 90 min; the viability of the blastoconidia was determined as colony forming units (c.f.u.) on Sabouraud agar plates after incubation at 37 "C for 24 h. The anti-Y activity was calculated as follows :
Anti-C. albicans hyphae (anti-H) assay. CA-6 hyphae were incubated in the assay media at 37 O C for 90 min; the viability of the hyphae was determined by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduction method (Mosmann, 1983) . Briefly, 1 0 0~1 DMEB and l o p 1 M T T (5 mg mi-' in 10 m M sodium phosphate buffer pH 7-2 with 0.85 % sodium chloride) were added to each well and the plate was incubated at 37 "C for 3 h. The medium was then removed and 100 pl DMSO was added to each well. The absorbance at 540 nm was determined. The anti-H activity was calculated as follows:
Morphology studies. C. albicans blastoconidia (1 x lo' cells m1-l) were incubated in 200 pl assay media in siliconized tubes at 37 "C for 3 h. Fixing solution (10% sodium lauryl sulfate, 10 '% formaldehyde ; 20 pl) was added, and the samples kept at room temperature until necessary. Morphology was examined under an image analysis system (VIDS-IV) connected to a phase-contrast microscope. The percentage germination and the relative rate of hyphal elongation were determined as follows :
(number of hyphae/total number of cells) x 100
Relative rate of hyphal elongation = (length of hyphae in assay/length of hyphae in control) x 100
The length of at least 100 hyphae across the slide was determined.
NO determination. NO was indirectly determined as nitrite using the Griess reagent (Granger et al., 1990) . Briefly, 0.4 ml
) phosphoric acid and 0 4 ml 0 5 */ o (w/v) N-( I-naphthy1)ethylenediamine dihydrochloride in 2.5% (v/v) phosphoric acid were added to 0.2 ml of sample. After 10 min at room temperature the absorbance at 540 nm was determined. Sodium nitrite (0-25 pM) was used for the calibration curve.
Statistics. The Student's t-test was applied to the data. The differences were considered significant when P < 0.05.
RESULTS

NO generation by SNP
First, the production of NO by SNP in the assay media without cells was quantified (Tables 1 and 2 ). In both media the NO generated was time-dependent and there was a good linear correlation between SNP concentration and NO produced. There were no significant differences in NO production between the two pHs or between the two media used. In all cases, the pH of the medium remained constant during the assay (data not shown).
Effect of SNP and nitrite on C. albicans viability
Once the linear relationship between SNP concentration and NO had been determined, we studied the effect of SNP and nitrite on the viability of blastoconidia and hyphae of C. albicans. SNP had a clear candidacidal effect against blastoconidia of C. albicans in MM at both pHs ( Fig. 1 ). The effect was much greater at the acidic pH. When the assay was run in DMEB in acidic conditions, an anti-Y effect of SNP was also observed, while at neutral pH only 4 rnM SNP showed a significant, though small, effect. Conversely, nitrite had no anti-Y effect when the incubation medium was MM (Fig. 2) but it was candidacidal against blastoconidia when the incubation medium was DMEB, and in that case, the effect was greater at neutral pH. We cannot explain the lack of significance of the activity of 5 mM sodium nitrite in DMEB pH 7.0, apart from the wide dispersion of the data.
The effect of SNP on C. lalbicans hyphae was much lower than the effect on blastoconidia, both in MM and in DMEB, and the differences between pH values were not significant (Fig. 3) . Nitrite, on the other hand, had practically no anti-H effect in the different conditions Data represent the m e a n k s~ of at least three independent determinations. Statistically significant differences with respect to controls are marked with an asterisk. studied, except for 10 pM nitrite in M M p H 7.0, where a small anti-H effect (less than 10 YO) was observed (data not shown).
Effects of SNP and nitrite on C. albicans morphology
The germination of C. albicans CA-6 was low in M M and in DMEB in acidic conditions, but it was 100% in DMEB pH 7.0 (Fig. 4) . In DMEB p H 45, but not in MM, pseudohyphae were frequently observed, although they were not quantified nor included in the percentage of true germination. The addition of SNP enhanced the germination of CA-6 in M M and DMEB at pH 4-5 in a dose-dependent pattern, although 100 O/ O germination was not achieved (Fig. 4) ; the increase in the percentage germination, attributed to NO, was simultaneous with the decrease in the proportion of pseudohyphae. No effect was detected in M M p H 7.0, nor, obviously, in DMEB p H 7.0 where the starting point was already 100 Yo.
Nitrite added to M M had a minor effect on the germination of CA-6 (Fig. 5) , but the differences in comparison to the control, though statistically significant, were very small. When this compound was added to DMEB, no effect on the morphology was observed at any of the pHs studied.
The effect of SNP on the germination of strain CA-6 was so conspicuous that we tested five more strains, in- cluding the agerminative mutant CA-2, in DMEB p H 4.5, to see if the effect was strain-specific. All strains tested showed a significant increase in the percentage germination when the NO donor was present (Table 3 ) . In the case of CA-2, the increase in percentage germination was very low, but significant.
Finally we studied the effect of SNP and sodium nitrite on the elongation rate of C. albicans CA-6 hyphae. SNP significantly enhanced the elongation rate in MM, particularly in acidic conditions (Fig. 6 ) . No significant Survival and germination of C. albicans with NO effect of SNP was observed in DMEB. Nitrite had no significant effect on the elongation rate of C. albicans hyphae in any of the conditions used (data not shown).
Effect of SNAP on the viability and morphology of
C. albicans
To prove more directly the involvement of NO in the observed effects of SNP on the viability and morphology of C. albicans, we studied the effect of another NO donor, SNAP. First, we observed that NO production by 5 m M SNAP was quite variable, but it was at least as high as the amount produced by 8 mM SNP in similar conditions, and frequently much greater (nitrite = 230.24 f: 136-07 pM). The p H of the media remained the same at the end of each experiment (data not shown).
The anti-Y activity of SNAP 5 mM was qualitatively similar to the effect of SNP, with a greater candidacidal effect in acidic conditions (between 55 '/o in DMEB and 75 % in M M ) than in the neutral ones (less than 20 YO in DMEB and 65 YO in MM).
SNAP had no effect against C. albicans hyphae in any of the conditions tested (data not shown). On the contrary, it enhanced germination in DMEB pH 4.5, increasing the percentage germination from 54% in the absence of SNAP to 91 YO when the cornpound was present.
DISCUSSION
NO production has been proposed as one of the major antimicrobial mechanisms of murine macrophages (MacMicking st al., 1997), which are active against different kinds of pathogens, such as viruses, bacteria, fungi, protozoa and helminths. The role of NO (or related compounds) in macrophage anti-Candida activities seems to be well-established (Rementeria et al., 199s ; Vazquez-Torres & Balish, 1997) . However, NO is a very labile molecule and there is no agreement on the anti-Candida effect of the different intermediates and derivatives.
Our purpose was to study the susceptibility of blastoconidia and hyphae of C. albicans to N O and the effect of this compound on the germination process. We designed a cell-free system with SNP or SNAP as NO donors, in different pH conditions and in different media to mimic, to some degree, the phagolysosomal (MM, pH 4-5) and the extracellular (DMEB, p H 7.0) environments with respect to p H and nutrient availability. We studied the effect of sodium nitrite in similar conditions, because nitrite is always present in N O aqueous solutions (Granger et al., 1990) and is also reputed to be a microbicidal compound. In fact, we detected N O as nitrite since we could not distinguish clearly between the two compounds. A second NO donor was used to be sure that the effects attributed to NO were really due to this compound. In order to study the differential susceptibility of yeast and hyphal morphologies, we used two different C. albicans strains, CA-2, an agerminative mutant, and CA-6, a fully germinative strain. By using an agerminative mutant we were able to maintain the yeast phase in the assay conditions. We cannot exclude the possibility that differences between CA-4 and CA-2 may influence their interactions with the compounds tested in this study.
First, we demonstrated that NO production by SNP was time-and dose-dependent, whilst other assay conditions, such as pH or medium composition, did not significantly affect NO generation. We therefore used SNP concentration as an indicator of N O concentration in the assays.
C. albicans blastoconidia were susceptible to SNP and SNAP, especially in acidic conditions similar to those found in the phagolysosomal environment. C. albicans hyphae were more resistant to the nitrogen compounds in all the conditions tested. Little correlation was observed between the effect of the NO donors, SNP and SNAP, and the effect of nitrite on the viability of C. albicans. Consequently, we attribute the effect of SNP and SNAP mainly to NO, rather than nitrite. The smaller effects of nitrite could be partially due to NO when the pH was acid (Stuehr & Nathan, 1989) , and may be due to the nitrite itself when the pH was neutral.
The effect of p H on the susceptibility of different microorganisms to NO has been previously reported by other authors (Buchmiiller-Rouiller et al., 1994; Kono et al., 1994) . A decrease in C. albicans viability in the presence of different N O donors was shown by Fierro et al. (1996) , but no mention was made of a different susceptibility of yeast and hyphae. Blasi et al. (1995) reported that C. albicans hyphae are sensitive to the extracellular killing mechanism of murine macrophages mediated by nitrogen compounds but blastoconidia are not. This apparent contradiction with our results could be explained by the fact that macrophages produce not just NO, but a collection of toxic compounds whose synergistic effect could be totally different from the effect of each one separately. So the susceptibility of hyphae reported by Blasi et al. (1995) could be attributable to this synergistic effect. The resistance of C. albicans blastoconidia to extracellular N O could be explained in the same way or, perhaps, could be attributable to an insufficiently low p H in the assay. By contrast, evidence for the susceptibility of C. albicans blastoconidia to killing by NO-producing murine macrophages has already been published (Cenci et al., 1993; VazquezTorres et al., 1994 VazquezTorres et al., ,1995 and it is generally accepted that C. albicans hyphae are more resistant to macrophage killing than blastoconidia (Cutler & Poor, 1981) .
The ability to produce hyphae by C. albicans blastoconidia is important as far as virulence is concerned (Richardson & Smith, 1981 ; Saltarelli et al., 1975) . The infectious unit is usually in the yeast form, and germination occurs in animal tissues after infection. Accordingly, we were interested in determining the effect of nitrogen intermediates on the germination process in addition to their effect on the viability of both morpho- 
logies. For that purpose, we used strain CA-6 as well as other C. albicans strains obtained from human patients.
Although the germinative ability of these strains was diverse, in general they produced a maximum percentage of germ tubes in complex medium pH 7.0, whilst at pH 4 5 the percentage germination was significantly reduced. This is in agreement with data reported by Kaur & Mishra (1994).
Whilst nitrite did not affect the germination process, N O derived from SNP increased the percentage germination of all the C. albicans strains tested in acidic conditions. SNAP also enhanced the germination of CA-6 strain. Not only the percentage germination but even the elongation of hyphae of CA-6 was significantly enhanced by SNP in conditions equivalent to the intraphagolysosomal environment (pH 4.5, MM). These observations suggest that C. albicans may be able to avoid the microbiocidal mechanisms of macrophages by changing its growth to the most resistant morphology, not to mention the fact that the intracellular growing hyphae destroy the macrophage (Evron, 1980) . This would mean that NO-generating macrophages would help in the extension of the infection, as has been proposed by Brummer & Stevens (1994) . In fact, macrophages from mice infected with C. albicans produce significant amounts of NO (Rementeria et al., 1995) .
However, the in uivo data are not easy to reconcile with our in vitvo studies. It has been reported that activated macrophages are able to retard the germination of yeast forms of C. albicans for several hours (Maiti et al., 1980) . Additional experimental evidence is needed in order to extrapolate our data, obtained in vitro, to what happens in uivo.
In summary, we conclude that (1) C. albicans blastoconidia are more sensitive than hyphae to NO; (2) C. albicans blastoconidia are susceptible to nitrite; ( 3 ) NO enhances germination; and (4) NO is more efficient in acidic conditions.
